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I. INTRODUCTION

This study evaluates and explains the effects of

launch vehicle platform and performance errors on the

Apollo/Saturn 501 unmanned test mission. ASS01 is the first

flight test of a Saturn V launch vehicle consisting of an

S-IC first stage, an S-II second stage, and an S-IVB third

stage.

The mission profile for AS501 is illustrated in

Figure 9. The vehicle is launched along a 72 degree azimuth

into a 100 nautical mile circular earth orbit. After two

revolutions, the S-IVB is reignited for a non-optimum burn

into a waiting orbit with a 9000 nautical mile apogee. A

variable reignltlon criterion is employed which attempts to

hold the total S-l-v-Bconsumed fuel constant by compensating

for non-nomlnal S-I-VB burn time during boost to earth park-

Ing orbit.

The SM is ignited twice on the waiting orbit. The

first burn, which is approximately 27 seconds long, is per-

formed shortly after waiting orbit injection. The second

burn, which is approximately 265 seconds long, is performed

before entry to increase the velocity to that of a lunar

return. In this launch vehicle study, perfect updates and

no platform or performance errors were considered for the

SM burns.
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The effects of launch vehicle platform and

performance errors were determined by simulating perturbed

trajectories for ± three-sigma magnitudes of each independ-

ent error source. The following resulting three-sigma errors

and fuel reserve deviations* at earth orbit injection (EOI)

and waiting orbit injection (W01) were obtained:

EOI

Radius (ft)

Velocity magnitude (ft/sec)

Flight path angle (deg)

Inclination (deg)

Descending node (deg)

Fuel reserve (Ibs)

WOI

1314. 5640.

2.92 41.7

.0094 .057

.0066 .027

.0247 .141

5173. 4350.

follows:

The three-sigma actual deviations at entry are as

Without

SM Burns

Velocity magnitude (ft/sec) 38.7

Flight path angle (deg) .119

Flight path azimuth (deg) .220

Latitude (deg) .258

Longitude (deg) .468

With Perfect

SM Burns

.06

.ooo5

.o8o

.o58

.185

In this report, an error is defined as desired minus actual.
An actual deviation is defined as actual minus actual

nominal, and an uncertainty is defined as estimate minus
actual.
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The three sigma spacecraft AV penalty due to

launch vehicle errors is 52.8 ft/sec.

As a result of this analysis, the following

conclusions have been reached:

1. The errors at waiting orbit injection are almost

entirely due to range angle uncertainty* at S-IVB

reignition and gyro drift. The range angle un-

certainty is due to the propagation of errors

from earth orbit injection and uncertainty in

venting thrust.

2. The sensitivities of velocity error at waiting

orbit injection to range angle uncertainty and

gyro drift are a function of the plane change and

change in flight path angle made during this burn.

Since both the plane and the flight path are

changed appreciably, the sensitivities are large

in comparison to those for a burn made along the

velocity vector.

3. The perfect S_ burns effectively reduce velocity

and flight path angle deviations at entry. How-

ever, for the error sources considered in this

study, the actual deviations at entry due to launch

vehicle errors are small, even without the SM burns.

* The range angle is defined as the central angle to the

instantaneous position measured in the plane of the orbit

from the inertial position at launch. In the case of

range angle uncertainty only, the shape and orientation
of the orbit are known.
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4. The variable ignition criterion for the S-IVB

stage second burn effectively compensates for

non-nominal performance during the boost to earth

orbit. The three-sigma fuel deviation at waiting

orbit injection is due to deviations in specific

impulse, weight rate, and mixture ratio during

the S-IVB second burn.

This study was performed by the Control Systems Analysis

Department on behalf of Bellcomm, Inc.
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II. Reference Trajectory Description

The nominal closed loop trajectory used for this

study is a match of the Saturn V AS-501 Launch Vehicle

1
Trajectory. To develop this nominal trajectory, an open

loop trajectory was first generated which matches signi-

ficant parameters on the reference (cf. Table A).

The pitch profile of the open loop trajectory

consists of a 12 second vertical rise followed by an instan-

taneous change in pitch (kick angle) to initiate a gravity

turn. The gravity turn is flown until 144.846 seconds

(from launch) at which time the attitude is fixed. At

1S3.946 seconds, the vehicle is given a second instantaneous

pitch change followed by a constant pitch rate until S-IVB

cutoff.

The kick angle at 12 seconds was selected to match

the reference altitude at 183.846 seconds (288,983 ft). The

pitch rate and S-IVB cutoff time were chosen to satisfy the

radius (21,533,354 ft), velocity (25,567.705 ft/sec), and

inertial flight path angle (0.0 deg) at S-IVB cutoff. In

addition, the above scheme is nested in a procedure that

finds a value for the thrust chamber area of the S-IC to match

the time of S-l-V-B cutoff (687.542 seconds). The thrust cham-

ber area AT for the S-IC is used in the thrust formula found

in Section I-V.A, "Missile Dynamics", of this report. The

value selected for AT is 75844.533 in. 2
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The above constraints together with a launch

azimuth of 72 degrees and no roll or yaw maneuvers, yield

an orbital plane with an inclination of 32.557 degrees and

an angle from the launch meridian to the descending node of

123.190 degrees.

The S-I-@B remains in the parking orbit approximately

three hours during which time the vehicle longitudinal axis

is maintained along the velocity vector. Ullage and venting

thrust with resulting mass losses are simulated in parking

orbit. The ullage and venting thrust characteristics and

time sequence were obtained from Reference I.

The S-I-V-B is reignited when the vehicle's longitude

matches the longitude in Reference I (81.4931 degrees Nest

longitude). The time of reignition is at 11486.008 seconds

compared with the reference value of 11486.034 seconds.

Furthermore, the vehicle altitude and inertial velocity match

the reference to within 700 ft and 3.6 ft/sec, respectively.

The S-IVB second burn uses a constant small pitch-

rate attitude (measured in the launch plane from the x Plat -

form axis)with a constant yaw attitude (measured from the

vehicle axis to the projection on the launch plane).

The four parameters of initial pitch angle, _pi_tch

rate, constant yaw angle, and the length of the second S-IVB

burn, are selected to match the conditions of inertial velocity
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D

D

(32067.974 ft/sec), inertial flight path angle (-9.1888 degrees),

geodetic latitude (21.2845 degrees North), and longitude

(156.7013 degrees east) at reentry (400,000 ft altitude) with-

out SM burns. The selected parameters are 64.26 degrees for

initial pitch angle, -.305 degrees/sec constant pitch rate,

-20.60 degrees constant yaw angle, and 336.458 seconds burn

time.

The resulting open loop reference trajectory was

then processed to calculate all required guidance constants

for the launch vehicle. The guidance constants of interest

are listed below.

1. Parking Orbit Parameters

(a) Geocentric radius

(b) Inertial velocity

(c) Inertial flight path angle

(d) Angle to descending node

(from launch meridian)

(e) Inclination

2. Waiting Orbit Parameters

(a) Energy

(b) Eccentricity

(c) Angle between target

vector and perigee vector

(d) Angle to descending node

(from launch meridian)

(e) Inclination

21,533,279.7 ft.

25,567.77 ft/sec

0.0 deg

123.190 deg

32. 55723 deg

-292,569,740. ft2/sec 2

.57250593

0.0 deg

135.490 deg

30.15168 deg
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The angle between the target vector and the perigee vector

above corresponds to the angle specified in "AS-5OI/AFRM G17

Joint Launch Vehicle Targeting Requirements", September i,

1965, (Reference 18).

A complete closed loop simulation of the launc h

vehicle was then performed, using the IGM equations plan_ed

4
for mission AS-501. The closed loop reference was generated

in two modes starting at waiting orbit injection. The first

is simply a match of the open loop reference without SM

(Service Module ) burns. The second incorporates two SM

burns. The closed loop reference with SM burns uses the

cross-product guidance law from Section 5.1 of ReferenQ@ l_,

including the revision of Reference 15. The values for

eccentricity and semilatus rectum for these burns were

obtained from Reference 17. The spacecraft burns are B@_-

formed assuming a perfect update for each burn and no erFors

in the vehicle platform or in accelerometer measurements_

The errors at reentry, therefore, using this reference,

reflect errors that could not be eliminated by the spacecraft

under ideal conditions. Table A summarizes the closed _Oop

reference trajectory with and without SM burns.
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III. Vehicle Data

Table B presents the vehicle data used to generate

the closed loop reference trajectory. The weight used for

each stage is illustrated in Table A and corresponds to the

1
Saturn V AS-501 Launch Vehicle Reference Trajectory.



TABLE B

Engine Performance Data

S-IC Engine Performance Data

(five engines burning)

Sea Level Thrust

Weight Rate

Thrust Chamber Area

Drag Area

7,610,000 Ibs

28,990.79 Ibs/sec

75,844.53 In 2

855.30 ft 2

S-IC Engine Performance Data

(four engines burning)

Sea Level Thrust

Weight Rate

Thrust Chamber Area

6,088,000 lbs

23,192.632 Ibs/sec

60,675.624 In 2

S-II Engine Performance Data

5.0:I Mixture Ratio

Vacuum Thrust

Weight Rate

1,000,000 Ibs

2,358.4279 ibs/sec

5.5:1 Mixture Ratio

Vacuum Thrust

Weight Rate

1,125,000 Ibs

2,671.576 ibs/sec



Table B - _'_

4.7 :1 Mixture Ratio

Vacuum Thrust

Weight Rate

S-IVB Engine Performance Data

5.0:1 Mixture Ratio

Vacuum Thrust

Weight Rate

4.5:1 Mixture Ratio

Vacuum Thrust

Weight Rate

Spacecraft Engine Performance Data

Vacuum Thrust

Weight Rate

925,000 ibs

2,172.766 ibs/sec

200,000 ibs

469.48 Ibs/sec

175,000 Ibs

408.688 ibs/sec

21,460 lbs

69.0 Ibs/sec
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IV. Simulation Description

The simulation required for the error analysis

was performed using the Bellcomm Apollo Simulation Program

(BCMASP). This program is a three degree of freedom simula-

tor which generates the trajectory by numerical integration

of all significant accelerations acting on the vehicle.

i0
Since BCMASP is described elsewhere in detail, only those

aspects of the program that relate directly to the error

analysis will be discussed in this report.

A functional diagram of the calculations performed

in each guidance cycle by the simulation program is given

in Figure 1. As illustrated in this diagram, the missile

dynamics are simulated to obtain the actual position, velo_

city, and the integral of the nongravity acceleration. The

accelerometer measurements are simulated by converting the

integral of nongravity acceleration to platform coordinates

and adding errors associated with the platform gyros and

accelerometers. The accelerometer processing, navigation,

and guidance equations are equivalent to those specified in

the Launch Vehicle Digital Computer (LVDC) Equation Defining

Document for AS-501.4 The pertinent details of these func-

tions will now be discussed.

A. Missile Dynamics

In simulating the missile dynamics, the accelerations

due to thrust, drag, and gravity were considered.
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Thrust for the S-IC stage is computed by the

following equation:

T = Tsl + AT (14.696-p)

where

T

Tsl

AT

P

= thrust

= constant sea level thrust

thrust chamber area

atmospheric pressure (ibs/sq. in)

All other burns are assumed to have constant thrusts. Also,

constant weight rates were assigned to all burns.

The S-IC burns at full thrust until either fuel

remaining reaches 28445 Ibs or oxidizer remaining reaches

64324 Ibs, at which time the center engine is shut down, re-

sulting in a 20_ decrease in weight rate, Tsl , and A T . Upon

total depletion of either fuel or oxidizer, the remaining

engines are shut down and a 3.31 second coast is initiated.

The S-II is then ignited at a mixture ratio 5.0:1 and held

there for 3.613 seconds at which time the propellant utiliza-

tion (PU) system is released and the mixture ratio is stepped

to 5.5:1. When the ratio of LOX to hydrogen reaches 4.7:1,

the mixture ratio is stepped to 4.7:1 and held there until
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shutdown is forced by depletion of either LOX or hydrogen.

On the nominal, these occur simultaneously. Following a

fixed time coast of 3.76 sec, the S-IVB is ignited at a

mixture ratio of 5.0:i, which is held until parking orbit

conditions have been attained. The S-IVB second burn is

initiated at a mixture ratio of 4.5:1, which is changed to

5.0:i by the PU system when the ratio of LOX to hydrogen

reaches 5.0:i, and is then held constant until shutdown is

executed.

Venting is simulated by applying a small thrust

along the instantaneous velocity vector throughout parking

orbit. The magnitude of this thrust is a function of time
I

as tabulated in the Boeing reference trajectory.

Drag force was computed using the drag coefficient

curve given in Reference I and the Patrick Reference Atmosphere.9

The gravitational force is computed from the standard Fisher

Ellipsoid model of the Earth as defined in Reference 16.

The attitude of the vehicle is determined by

integrating constant attitude rates. These rates are recom-

puted each guidance cycle and ordered to accomplish the re-

qu£red change in attitude as determined by the guidance equations.

Although angular dynamics and autopilot response are not

simulated, rate limiting of i deg/sec is applied.
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Uncertainties in specific impulse, weight rate,

mixture ratio, fuel loading, and inert weight were considered

for each stage• Deviations in these quantities are expressed

as fractions of nominal and are implemented in the following

way:

Wp = Wnom(l+Ew)

F
P

W
P

= Fno m( I+E F)

:Wnom (I+Ew ) + bMnomEm

Tp = (Tnom(l+EisP)-

ISPp = T/%

CMnomE m) (I+E W )

where

W = inert weight

W = weight rate

F = fuel loaded

M = mixture ratio

T = thrust

ISP = specific impulse

Ex = deviation associated with x

nom = subscript denoting nominal value

p = subscript denoting perturbed value
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M =M
nom

M = Mno m

from engine performance

curves

In addition, the effects of perturbations in weight rate_

mixture ratio, and fuel loading are reflected in the tlm_S

of S-IC InbQard engine cutoff and outboard engine cutoff,

S-If second mixture ratio shift and cutoff, and the S-IvB

mixture ratio shift. An error in fuel loading is assumed

to be distributed in the same proportion as oxidizer and fuel

are nominally loaded. Errors in mixture ratio are carried

through an entire stage, causing the same percent error

at all mixture ratio levels. During those burns for which

the PU system is active and not in saturation, errors in

mixture ratio are assumed to be zero.

Errors in drag coefficient, atmospheric density,

ullage and venting thrust are also expressed as fractions of

the nominal value. Perturbations of ullage and venting thrust

are assumed to be caused by proportional variations in

_l;eight rate.

Cutoff execution uncertainties are simulated for

both S-IVB shutdowns. These uncertainties are represented by

an equivalent time increment at full thrust.
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D

I

B. Inertial Platform Simulation

The accelerometer measurements are simulated by

integrating the actual sensed acceleration due to thrust

and aerodynamic forces, and adding errors associated with

the platform gyros and accelerometers. The error sources

considered include the following:

CI)

(2)

(3)

(4)

(5)

(6)

(7)

initial platform mlsalignment

gyro drift

gyro mass unbalance

gyro anisoelastic effects

accelerometer misalignment

accelerometer bias

accelerometer scale factor error

The inertial platform alignment and the orienta-

tion of the gyro axes are illustrated in Figure 5. As shown

in Figure 3, the operations performed to simulate this plat-

form proceed by first forming the increment in velocity

gained during the last guidance cycle due to thrust and

aerodynamic forces. This velocity increment (A-Va) is ex-

pressed in the platform coordinate system which is defined

by the nominal platform alignment at guidance reference

release.

The effects of initial misalignment and platform

drift are simulated by the A matrix. This matrix relates
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the actual instantaneous platform orientation to the nominal

alignment. The initial misalignment is described by three

Euler angles taken about the pitch, yaw, and roll axes. The

drift rate about each platform axis is given by

_j : GDj + Usjaij + Uijasj + Uojaoj + Sjaljasj

where

th
GDj = the fixed gyro drift rate of the J

axis gyro

Us]'Uij'Uo_vv = the mass unbalance about the spin,
th

input, and output axes of the J

axis gyro

Sj = the anisoelastic constant of the jth

axis gyro, and

aij,asj,aoj = the sensed acceleration along the

input, spin, and output axes of the

jth axis gyro.

The total drift rate is calculate6 and used to Up-

date the A matrix each computation cycle.

With reference to Figure 3, the B matrix simulates

accelerometer misalignment. Since this matrix is not tlme

dependent, it need only be calculated once and is given by
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[B] =

cos ayxCOS Exz

sin EyxCOS Ey z

sin EzxCOS _zy

-sin ExyCOS ay z

cos EyxCOS Ey z

sin EzyCOS Ezx

sin _xzCOS Exy ]

-sin EyzCOS ayxl

COS EzxCOS Ezy ]

where the epsilons are the angles by which the accelerometer

axes deviate from the platform axes as illustrated in Figure 4.

Accelerometer bias and sca_ factor error are introduced by the

vector a_ and the matrix [i + SF] respectively. The scale

factor matrix is of the form

B

(1 + SFx) o o

o (1 + SFy) 0

0 0 (1 + SFz)

where SF i represents the scale factor error of the accelerom-

eter along the ith axls.

AV m, the output of the platform simulation, now

represents the change in the accelerometer measurements that

has occurred during the last computation cycle. This quantity

is used by the navigation equations, the M/F filter 8, and the

mixture ratio shift sensor.
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C. Navigation Equations

The onboard navigation equations consists of two

sections: boost navigation and orbital navigation. The

boost navigation (as specified in the LVDC Equation Defining

Document 4) is simulated during powered flight and during

ullage burns. At ullage cutoff, after parking orbit inser-

tion, the boost navigation state vector is used as the initial

state for the orbital navigation equation.

The orbital navigation scheme uses a venting model

where the thrust acceleration is the nominal value (derived

from nominal values for venting thrust, weight rate, and

weight-into-orblt). The direction of the thrust acceleration

for this model is maintained along the navigation velocity

vector and the equations of motion are integrated with the

ll
fourth order Runge-Kutta scheme in BCMASP. The direction

cf the thrust acceleration for the actual vehicle is derived

from this model knowing the orientation of the actual plat-

form with respect to the inertial navigation coordinates.

In addition to platform errors, deviations in weight-into-

orbit and venting thrust (assumed to be a deviation in weight

rate) will, in this model, cause uncertainties in the vehicle

state vector.
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When ullage thrust is again applied, prior to

the S-IVB reignition, the orbital navigation state vector

is used as the initial state for the boost navigation equa-

tions which are used untll S-IVB waiting orbit insertion.

The boost navigation state vector is then integrated (using

fourth order Runge-Kutta and no thrust acceleration) until

86 seconds from nominal S-IVB cutoff. The two spacecraft

burns are both simulated assuming a perfect navigation model.

D. Guidance Equations

Steering commands are generated in the following

manner: from tower clearance to S-IC center engine cutoff,

fourth degree polynomial provides pitch commands as a

function of time. The polynomial is a least-squares fit to

the zero lift open loop trajectory. The attitude of the ve-

hicle is then held constant until the launch escape system

has been jettisoned. From this point until earth orbit inser-

tion, pitch and yaw steering orders are generated by the

3-stage Iterative Guidance Mode (IGM).

The out-of-orbit burn is also guided by IGM (2-stage).

This burn is intentionally non-optimum in order to deplete

the S-IVB fuel supply. A variable relgnition criterion

corrects for dispersions in the first S-IVB burn time. The

following formula redefines aTS , the angle between the target

vector and the intersection of the parking orbit and waiting

orbit planes:
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where

2
_s = _N + K1 At4 + _2 at4

cN : 147.56356 deg

KI = .56338027xi0 -2 deg/sec

K2 = .20939407x10 -3 deg/sec 2

At_ = actual S-IVB burn time for

earth orbit injection minus
nominal burn time.

Adjusting _TS causes a slight reorientation of the waiting

orbit plane, and hence, the use of more or less fuel as

desired.

Cross-product steering is employed during both

spacecraft burns. The guidance objectives are to control

the eccentricity and semilatus rectum of the orbit, and to

maintain the vehicle in the present waiting orbit plane.
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V. Results

The effects of platform errors 19 and perform:_nce

2
errors were dete_nined by simulating perturbed trajectories

for ± three-slgma magnitudes of each error source. The re-

sulting variations in significant parameters at earth orbit

injection, S-IVB reignition, waiting orbit injection, entry,

and three fixed times are listed in Appendix C. The varia-

tions at entry are examined both with and without (perfect)

SM burns. The fixed times occur after earth orbit injection

(800 sec), before S-IVB reignition (ii,i00 sec), and after

waiting orbit injection (I1,900 sec). The coordinate sys-

tems and symbols used in Appendix C are defined in Appendices

A and B respectively.

In addition to listing variations due to individual

sources, Appendix C contains covariance matrices of these

variations due to all platform and performance errors con-

sidered. These matrices list the standard deviations (one-

sigma) down the main diagonal, correlation coefficients above

the diagonal, and covariances below the diagonal.

The remainder of this section describes the sig-

nificant results in two parts: guidance and navigation

error analysis, and performance analysis.
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A. Guidance and Navigation Error Analysis

The significant guidance and navigation errors at

earth orbit injection, waiting orbit injection, and entry

are discussed.

i. Earth Orbit Injection

The three-sigma actual deviations at earth orbit

injection are as follows:

Radius

Velocity magnitude

Flight path angle

Inclination

Descending node

1314. ft

2.92 ft/sec

.0094 deg

.0066 deg

.0247 deg

Since the guidance and navigation system can sense

and correct for non-nominal performance, the above deviations

are caused almost entirely by uncertainties due to platform

anomalies and cutoff execution error.

Table 1 in Appendix C lists the actual deviations

at earth orbit injection due to the individual platform

errors. The results in this table indicate that the plat-

form errors fall into three categories: those that cause

in-plane deviations (radius, velocity, and flight path angle);

those that cause out-of-plane deviations (inclination and

node); and those that cause no significant deviations. This

behavior is explained by the orientation of the platform

relative to the trajectory.

_ A |1 Plillk Im |1 _p i IJ,_h
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AS illustrated in Figure 2, the flight to earth

orbit lles nearly in the xy platform plane. The x compo-

nent of thrust acceleration is dominant, and the z component

is near zero. Although the y component of thrust accelera-

tion is significant, it experiences a sign change such that

the integrated effect is small. Thus, rotations about the

x axis cause no significant deviations. Rotations about the

y axis cause out-of-plane deviations, and rotations about the

z axis cause in-plane deviations.

Platform rotations about the y and z axes are caused

by initial platform misalignment (CHIIY and CHIIZ) and plat-

form drift. With reference to Section IV.B and Figure 2, the

drift rates about these axes are given by the following:

= GDSVY + (z)UISVY + (y)USSVY + (x)UOSVY + (y)(z)SSVY
Y

: aDSVZ + ( )uIsvz+ ( )USSVZ+ ( )UOSVZ+
Z

whe re

GDSVY and GDSVZ are the constant drift terms;

UISVY and UISVZ represent mass unbalance about the

input axes;

USSVY and USSVZ represent mass unbalance about the

spin axes;
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UOSVY and UOSVZ represent mass unbalance about the

output axis;

SSVY and SSVZ represent anisoelastic constants;

and x, y, and z are the thrust acceleration components. Since

is near zero, only GDSVY, USSVY, and UOSVY contribute sig-

nificantly to drift about the y axis. Similarly, only GDSVZ,

UISVZ, and UOSVZ contribute significantly to drift about the

z axis.

Similar arguments can be made for the accelerometer

errors. Bias and scale factor error in the x and y acceler-

ometers contribute to in-plane deviations. Although bias in

the z accelerometer contributes to the out-of-plane devia-

tions, z scale factor error does not contribute significantly

because of the small acceleration in this direction. If the

x and y accelerometers are misaligned in the xy plane, in-

plane deviations result. If the z accelerometer is mis-

aligned, it senses accelerations in the xy plane resulting

in out-of-plane deviations.

2. Waiting Orbit Injection

The three-sigma errors at waiting orbit injection

are as follows:

Radius

Velocity magnitude

Flight path angle

Inclination

Node angle

5640. ft

41.7 ft/sec

•057 deg

.027 deg

.141 deg

mm.- -- --
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The above errors are differences between the de-

sired values as computed by the guidance equations and the

actual values (see Table 39), and should not be confused

with actual deviations {Table 40). The desired values can

change due to a change in the injection point on the ellipse

or because the ellipse itself has changed due to the variable

ignition criterion.

Errors at waiting orbit insertion are due to uncer-

tainties at S-IVB relgnltion, platform errors that affect the

sensed acceleration during the burn, and cutoff execution

errors. Since non-nominal performance during the burn can

be sensed, it does not appreciably affect guidance accuracy.

Although uncertainties in the shape and orienta-

tion of the orbit at S-IVB reignition are small, a signifi-

cant range angle uncertainty exists. The range angle uncer-

tainty is due to deviations in the orbital period that are

not sensed by the on-board navigation system. The deviations

in period are caused by deviations in energy at earth orbit

injection due to platform errors and uncertainties in vent-

ing thrust. As described in Section IV.C, the actual vent-

ing thrust is not sensed by the navigation system.

To illustrate the propagation of errors from earth

orbit injection, consider the energy relationship.

E = v2/2-
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Differentiating and using the relationship that V

on a circular orbit is equal to v_, we obtain

(i)

period.

This change in energy in turn affects the orbital

The period is given by

._ = 2_-j/_B-/K

where a is the semi major axis given by

a = -_/2E

Thus,

__= _ 3. ___E (2)
't- 2 E "

When the change in period is not sensed by the nav-

igation system, it causes a range angle uncertainty at S-IVB

reignition. The range angle @T(PHIT) is the central angle

measured in the plane of the orbit from the inertial position

at launch. At S-IVB reignltion, the range angle is approxi-

mately given by
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_T = _TO + 2_T/_ (3)

where _T0 is the range angle at earth orbit injection and T

is the flight time from earth orbit injection to S-IVB

reignltlon.

The deviation in _T at S-IVB reignltlon is given

by

If we consider only deviations that are not sensed,

5T is equal to zero. Also, since 5@T0 is near zero for these

error sources (PHIT column in Table i), the 9T deviation is

approximated by the following.

5q)T \ "r / "_
(4)

From Eqs. i through 4, we obtain

(5)

where _T is evaluated at S-IVB reignltlon on the nominal tra-

Jectory. For AS501,

]i j "
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_T- _TO = 735 deg

and

V = 25,567 ft/sec

R = 21,533,280 ft.

Table C illustrates Eq. (5) by listing _T devia-

tions (5_T) at S-IVB reignition computed from radius and

velocity deviations at earth orbit injection. The 5V used

to compute _T for non-nominal venting thrust is the aver-

age velocity change attributed to this source. As illus-

trated, the computed values agree closely with the actual

deviations (_T) listed from Table 22.

Since the platform has been released for over 3.3

hours, the platform errors that affect the sensed accelera-

tion during the waiting orbit injection burn are dominated

by the constant gyro drift terms.

The simple model shown in Figure 8 was developed to

explain the affects of gyro drift and range angle uncertainty

on the velocity errors at waiting orbit injection. In this

model, the burn is represented by an instantaneous AV applied

up from the local horizontal by an angle _, and out of the

initial plane by an angle y. VO, V, and _ represent the
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Table C

_T Errors at S-IVB Relgnition

5R* 5V 5_T 6_T

Error Source _ (ft/sec) (deg) (de_)

CHIIZ 224. - .60 .029 .o27

GDSVZ 667. - i. 49 .O6O .O56

UISVZ 786. -i. 69 .065 .061

UOSVZ 525. - 1.17 .047 .044

SFSVX -117. -. 59 .063 .061

SFSVY - 189. .14 .007 .007

ABSVX - i01. -. 53 .o56 .o58

ABSVY -233. .30 -. 002 -. 003

EPSVXY 176. .44 -. 056 -. 055

EPSVYX - 440. .54 -. 002 .000

EVENTR 0. I. -. 086 -. 094

RSS .169 .169

5R and 5V are from Table i in Appendix C. 5_T is

computed from Eq. (5), and 5_T is from Table 22.

- P,nri,_*11 -__u,., ...... ,.L
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initial velocity, the final velocity, and the final flight

path angle respectively. The initial flight path angle is

assumed to be zero.

Using this model, the final velocity magnitude is

given by

V : I(V0 +AV COS y COS _)2+ (AV COS 7 sin e) 2+ (AV sin 7)2} 1/2

The deviation in velocity magnitude due to devia-

tions in V 0, e, and y which are not sensed by the navigation

system is given by

-VoAV cos y sin a 1_V = V 6_

+
-VoAV sin y cos _IV _Y

V + AV cos y cos _I+ v o (6)

For AS501, the following values approximate the

waiting orbit injection burn:

V 0 : 25562 ft/sec

AV = 9095 ft/sec

= 60.4 deg
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7 = 25 deg

= 15.4 deg

V = 30695 ft/sec

Substituting these values into Eq. (6) we obtain

5V = -i085_ - 24.857 + 6V 0 (7)

where the velocity and angle deviations are expressed in

feet/second and degrees respectively.

Note from Eq. (6) that the sensitivities of 5V to

errors in the direction of AV depend strongly upon the nomi-

nal orientation. If the AV could be applied along the ini-

tial velocity vector, the sensitivities would be greatly

reduced. For AS501, e is large to obtain the desired veloc-

ity and flight path angle at entry. The large y is required

to perform the plane change.

Deviations in _T that are not sensed by the navi-

gation system result in an error in e. In this case,

: ' (8)

Gyro drift can be related to deviations in _ and 7 by noting

the platform orientation relative to the nominal AV vector.

Since @T is approximately 60 degrees at waiting orbit injection

_|IPI_Pii_I • • __
- I_||i IVs.....lk
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(note that _ is also 60 degrees), the AV is applied almost

directly along the x axis. The z axis is normal to the

plane, and they axis completes the right handed set as il-

lustrated in Figure 8. Thus, y and z gyro drift cause devi-

ations in F and _ respectively. A drift about the x axis

rotates the out-of-plane AV component (AV sin 7) toward the

initial plane resulting in a change in _ given by

or

(av sin 7)(GDSVX)T
AV cos 7

5_ = (tan 7)(GDSVX)T (9)

where GDSVX is the x gyro drift (.I deg/hr) and T is the time

Crom launch to waiting orbit injection (3.3 hr). Since the

";otal rotation is small, 67 can be assumed zero.

Table D illustrates the effectiveness of Eq. (7)

in explaining the velocity errors at waiting orbit injection.

In the case of x gyro drift, the velocity deviation was de-

rived by assuming that Eq. (9) describes the only contribu-

tion to Eq. (7). Similarly, the y gyro drift was derived

assuming that the only contribution to Eq. (7) is given _y

67 = (GDSVY)T

..... •,,allI IM_
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Table D

Velocity Errors at Waiting Orbit Injection

A_

Error Source 8V 6V

GDSVX -16.6 -15.2

GDSVY -6.1 -6.7

GDSVZ -34.2 -33.3

UISVZ -8.3 -i0.4

UOSVZ -5.9 -6.5

SFSVX -6.6 -6.9

ABSVX -6.8 -6.7

ABSVY .6 i. 2

CHIIZ -3.5 -3.6

EPSWXY 6.4 5.9

EVENTR I0.2 8.3

RSS 42.8 4_.8

* 5V is computed from Eq. (7), and 8V is ob-

tained from simulations as given in Table 31.
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where GDSVY is the y gyro drift (.075 deg/hr).

of z gyro drift, Eq. (7) was evaluated as

In the case

5v =-108[(GDSVZ)(T) + ] + 0

where 5_T was computed from Eq. (5), and 5V 0 is the deviation

at S-IVB relgnition due to the z gyro drift (GDSVZ = .075

deg/hr) as given in Table 22. Since earth orbit inJectlon

and S-IVB reignition occur at almost the same point on the

orbit, 5V 0 is nearly equal to the velocity deviation at earth

orbit injection.

In the case of all other error sources, the vei6c-

ity deviations were computed from the following:

8V = -i086_ T + 5V 0

In these cases, the velocity deviation is almost entirely

due to the propagation of errors from earth orbit injection.

It should also be noted that 5V 0 is usually small as com _

pared to the 5_T contribution.

It is concluded that the errors at waiting orbit

injection are due to range angle uncertainty at S-IVB re_gni-

tion and gyro drift. The range angle uncertainty is due to
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venting model uncertainties and platform errors which con-

tribute to in-plane errors at earth orbit injection. Other

sources, including cutoff execution errors, contribute neg-

ligible errors to this burn.

3. Entr_

The three-sigma actual deviations at entry due to

the launch vehicle platform and performance errors consid-

ered in this study are given as follows:

Without

SMBurns

Velocity magnitude (ft/sec) 38.7

Flight path angle (deg) .119

Flight path azimuth (deg) .220

Latitude (deg) .258

Longitude (deg) .468

With Perfect

SM Burns

.o6

.ooo5

.080

.o58

.185

The first spacecraft burn has a three-slgma AV

penalty (DELVl) of 52.8 ft/sec. Since, in this analysis,

the first burn corrects the in-plane velocity error, the AV

penalty for the second SM burn (DELV2) is not significant.

The velocity and flight path angle deviations at

entry are effectively reduced by the perfect spacecraft

burns. Other deviations are not completely removed since

the SM burns do not correct position deviations or out-of-

plane velocity errors at waiting orbit injection. However,

even without SM burns, the deviations at entry are small.

....... FI .....
VV|_ W_bmww_M_
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B. Performance Analysis

Performance uncertainties determine the fuel _e-

serve requirements for the S-IVB. Tables 4 and 36 list fuel

deviations at first and second S-IVB cutoff caused by per-

formance perturbations. As shown by Table 36, the variable

ignition criterion for the S-IVB stage second burn effec-

tively compensates for non-nominal performance in the first

two stages, and the only significant contributors to fuel

deviations are those error sources affecting the S-IVB stage.

The total three-sigma fuel uncertainty of 4350 ibs is due

primarily to deviations in specific impulse, weight rate,

inert weight, and mixture ratio in the S'-IVB stage.

Figures 5 through 7 are plots of fuel penalties

caused by perturbations of engine mixture ratios. The dis-

continuous slope exhibited in Figure 5 is _he to the fact

that an off nominal mixture ratio in the first stage causes

early depletion of either fuel or oxidizer. The S-If and

S-IVB stages do not demonstrate this characteristic since

the PU system is assumed to guarantee simultaneous deple-

tion of fuel and oxidizer. The slopes on these curves are

due to the variation of specific impulse with mixture ratio.

_@LimlL..ip_ipaf..-. a.

v_w| wumIF1m..|1 • •
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APPENDIX A

D

D

COORDINATE SYSTEMS

Platform Coordinates

The platform coordinate system is a geocentric iner-

tial system defined as follows: The y axis is upward along

the local vertical at launch. The x axis is orthogonal to the

y axis and points down-range in the launch plane. The z

axis completes the right-handed orthogonal system.

Local Vertical Coordinates

The local vertical coordinate system is a geocentric

inertial system defined relative to the state vector at a

specific time. The "cross-range" axis is directed opposite

to the angular momentum vector; the "up" axis is defined as

upward along the position vector; and the "down-range" axis

is parallel to the projection of the velocity vector into a

plane perpendicular to the "up" axis.
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DEFINITION OF SYMBOLS

Trajectory Parameters

Symbol Units

R ft

V ft/sec

BETA deg

INCL deg

NODE deg

PHIT deg

FUEL ib s-m

RPX ft

RPY ft

RPZ ft

VPX ft/sec

VPY ft/sec

VPZ ft/sec

TIME sec

ERNX ft I
ERNY ft

ERNZ ft

EVNX ft/sec I
EVNY ft/sec

EVNZ ft/sec

Definition

position magnitude

velocity magnitude

inertial flight path mngle

orbit inclination

angle from launch meridian

to descending node

central angle from inertial
launch site

S-IVB fuel reserve

position in platform coordinates

?

velocity in platform coordinates

time measured from midnight
of launch date

position uncertainties,

navigation minus actual,
in platform coordinates

velocity uncertainties,

navigation minus actual,
in platform coordinates
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Symb o i

ERCR

ERDR

ERUP

Units

ft

ft

ft

EVCR

EVDR

EVUP

ft/sec
ft/sec

ft/sec

ERNCR

ERNDR

ERNUP

ft

ft

ft

EVNCR

EVNDR

EVNUP

ft/sec

ft/sec

ft/sec

ER

EV

EBETA

EINCL

ENODE

LAT

LON

ALFA

CRMN

ft

ft/sec

deg

deg

deg

deg

deg

deg

naut miles

DRNM naut miles

DELVI

DELV2

ft/sec

ft/sec

Definition

position deviations, actual

minus actual nominal, in
local vertical coordinates

defined using the actual
nominal state

velocity deviations, actual

minus actual nominal, in
local vertical coordinates

defined using the actual
nominal state

position uncertainties,

navigation minus actual,
in local vertical coordinates

defined using the actual
state

velocity uncertainties,

navigation minus actual,
in local vertical coordinates

defined using the actual
state

errors, _ctual minus

desired at waiting
orbit insertion

geodetic latitude

longitude

inertial flight path azimuth

cross range ground distance

to landing site at reentry

down range ground distance

to landing site at reentry

delta-V at first SM burn

delta-V at second SM burn
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Platform Perturbations

Symbol Units

GDSVX deg/hr

GDSVY deg/hr

GDSVZ deg/hr

USSVX deg/hr/g

USSVY deg/hr/g

USSVZ deg/hr/g

UISVX deg/hr/g

UISVY deg/hr/g

UISVZ deg/hr/g

UOSVX deg/hr/g

UOSVY deg/hr/g

UOSVZ deg/hr/g

SSVX deg/hr/g2

SSVY deg/hr/g_
SSVZ deg/hr/g _

SFSVX

SFSVY

SFSVZ

ABSVX

ABSVY

ABSVZ

CHIIX

CHIIY

CHIIZ

EPSVXY

EPSVXZ

EPSVYX

EPSVYZ

EPSVZX

EPSVZY

g

g

g

deg

deg

deg

deg

deg

deg

deg

deg

deg

Definition

constant gyro drift

rates about X, Y,
and Z axes

gyro drift due to mass

unbalance about spin
axis

gyro drift due to mass

unbalance about input
axis

gyro drift due to mass

unbalance about output
axis

gyro drift due
to anisoelastic

effects

accelerometer scale factors

accelerometer bias

initia_i platform misalignment

accelerometer misalignment
coefficients
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Performance Perturbations

Symbo i Unit s

 aSPl

EDWaTI

EMI %

EFUEL1

ECD %

ERHOA %

EISP2 %

EDWGT2 %

EM2 %

EFUEL2 %

EWGT2 %

EISP3 %

EDWGT3 %

Definition

uncertainty in specific

impulse, S-IC

uncertainty in weight

rate, S-IC

uncertainty in mixture

ratio, S-IC

uncertainty in fuel

loading, S-IC

uncertainty in inert

weight, S-IC

uncertainty in axial
force coefficient

uncertainty in atmospheric

density

uncertainty in specific

impulse, S-II

uncertainty in weight

rate, S-II

uncertainty in mixture

ratio, S-If

uncertainty in fuel

loading, S-I!

uncertainty in inert

weight, S-If

uncertainty in specific

impulse, S-IVB

uncertainty in weight

rate, S-IVB
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Symbol

EM3

Units

EFUEL3

EWGT3

E4OFFI sec

E4OFF2 see

EULAGE

EVENTR

Definition

uncertainty in mixture

ratio, S-IVB

uncertainty in fuel

loading, S-IVB

uncertainty in inert

weight, S-IVB

uncertainty in S-IVB cutoff,

parking orbit insertion

uncertainty in S-IVB cutoff,

waiting orbit insertion

uncertainty in ullage thrust

uncertainty in venting thrust
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ERROR ANALYSIS SIMULATION RESULTS
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